Membrane transporters maintain cellular and organismal homeostasis by importing nutrients and exporting toxic compounds. Transporters also play a crucial role in drug response, serving as drug targets and setting drug levels. As part of a pharmacogenetics project, we screened exons and flanking intronic regions for variation in a set of 24 membrane transporter genes (96 kb; 57% coding) in 247 DNA samples from ethnically diverse populations. We identified 680 single nucleotide polymorphisms (SNPs), of which 175 were synonymous and 155 caused amino acid changes, and 29 small insertions and deletions. Amino acid diversity ( NS) in transmembrane domains (TMDs) was significantly lower than in loop domains, suggesting that TMDs have special functional constraints. This difference was especially striking in the ATP-binding cassette superfamily and did not parallel evolutionary conservation: there was little variation in the TMDs, even in evolutionarily unconserved residues. We used allele frequency distribution to evaluate different scoring systems (Grantham, BLOSUM62, SIFT, and evolutionarily conserved͞evolution-arily unconserved) for their ability to predict which SNPs affect function. Our underlying assumption was that alleles that are functionally deleterious will be selected against and thus under represented at high frequencies and over represented at low frequencies. We found that evolutionary conservation of orthologous sequences, as assessed by evolutionarily conserved͞evolutionarily unconserved and SIFT, was the best predictor of allele frequency distribution and hence of function. European Americans had an excess of high frequency alleles in comparison to African Americans, consistent with a historic bottleneck. In addition, African Americans exhibited a much higher frequency of population specific medium-frequency alleles than did European Americans.
Membrane transporters maintain cellular and organismal homeostasis by importing nutrients and exporting toxic compounds. Transporters also play a crucial role in drug response, serving as drug targets and setting drug levels. As part of a pharmacogenetics project, we screened exons and flanking intronic regions for variation in a set of 24 membrane transporter genes (96 kb; 57% coding) in 247 DNA samples from ethnically diverse populations. We identified 680 single nucleotide polymorphisms (SNPs), of which 175 were synonymous and 155 caused amino acid changes, and 29 small insertions and deletions. Amino acid diversity ( NS) in transmembrane domains (TMDs) was significantly lower than in loop domains, suggesting that TMDs have special functional constraints. This difference was especially striking in the ATP-binding cassette superfamily and did not parallel evolutionary conservation: there was little variation in the TMDs, even in evolutionarily unconserved residues. We used allele frequency distribution to evaluate different scoring systems (Grantham, BLOSUM62, SIFT, and evolutionarily conserved͞evolution-arily unconserved) for their ability to predict which SNPs affect function. Our underlying assumption was that alleles that are functionally deleterious will be selected against and thus under represented at high frequencies and over represented at low frequencies. We found that evolutionary conservation of orthologous sequences, as assessed by evolutionarily conserved͞evolutionarily unconserved and SIFT, was the best predictor of allele frequency distribution and hence of function. European Americans had an excess of high frequency alleles in comparison to African Americans, consistent with a historic bottleneck. In addition, African Americans exhibited a much higher frequency of population specific medium-frequency alleles than did European Americans. W ith the completion of the draft sequence of the human genome and the development of high-throughput sequencing methods, several large-scale investigations of human sequence variation have been carried out (1) (2) (3) (4) . These studies have provided valuable information about the nature and frequency of sequence variation in the human genome. For example, Cargill et al. (1) and Halushka et al. (3) identified differences in the level of genetic diversity among single-nucleotide polymorphism (SNP) types, such as coding and noncoding SNPs as well as synonymous and nonsynonymous SNPs. More recently, patterns of haplotype diversity across the human genome have been characterized (2, 4) . These studies typically screened 24-40 chromosomes within an ethnic population and therefore identified common variants (frequencies Ն5%) with high accuracy but did not have the power to identify less common variants, which may have more severe functional consequences. Because the studies to date screened genes from a wide variety of structural and functional classes, little is known about the relative levels of genetic diversity within classes of genes.
Membrane transporters play a critical role in a variety of physiological processes. They maintain cellular and organismal homeostasis by importing nutrients essential for cellular metabolism and exporting cellular waste products and toxic compounds. Furthermore, membrane transporters are important in drug response as they provide the targets for many commonly used drugs and are major determinants of drug absorption, distribution, and elimination. Membrane transport proteins share a similar secondary structure, characterized by multiple membrane-spanning domains joined by alternating intracellular and extracellular segments (''loops''). Two of the major superfamilies of membrane transport proteins are the ABC (ATP-binding cassette) transporters, which include MDR1, a protein that pumps xenobiotics from cells, and the SLC (solute carrier) transporters, which take up neurotransmitters, nutrients, heavy metals, and other substrates into cells.
In this study, we screened for variation in a set of 24 genes encoding membrane transporters as part of a pharmacogenetics project that seeks to identify genes that determine drug response (Fig. 1) . We identified variants by screening an ethnically diverse collection of genomic DNA samples, 494 chromosomes in total. Sequencing this functionally and structurally similar class of proteins in this DNA collection allowed us to determine the levels and patterns of genetic diversity in different ethnic groups, in different transporter families, and across different structural regions of membrane transporters. By combining populationgenetic and phylogenetic analyses, we were able to identify amino acid residues and protein domains that may be important for human fitness. Our large sample set made it possible for us to obtain information about rare variants. We have used this greater statistical power to identify predictors of allele frequency distribution and thus to infer functional consequences of amino acid substitution.
Materials and Methods
Screening Protocol. Genomic DNA samples were obtained from the Coriell Institute (Camden, NJ). Primers for PCR were synthesized to specifically amplify each exon, and a minimum of 35 bases of 5Ј and 3Ј flanking intronic sequence. Primers were designed by using the Virtual Genome PCR primer selection website (http:͞͞ alces.med.umn.edu͞websub.html). Genomic and cDNA sequences were obtained from GenBank. For optimal denaturing HPLC (DHPLC) and DNA sequence analyses, amplicons were designed to be 200-500 bp in length. Small, closely spaced exons were combined and analyzed in a single amplicon; exons Ͼ500 bp were divided into smaller, overlapping amplicons. AmpliTaq Gold DNA Polymerase (Applied Biosystems) and a GeneAmp PCR System 9700 Thermal Cycler (Applied Biosystems) were used for PCR. All exons except exon 1 of MRP1 and exon 11 of ENT2 were successfully amplified. To obtain a preview of the frequency of variants in a given amplicon, the amplicon was sequenced from six randomly chosen DNA samples (12 chromosomes) . Amplicons with at least four variant chromosomes were subjected to direct DNA sequencing. Both the forward and reverse DNA sequences of purified PCR products were determined by using ABI PRISM BigDye terminator cycle sequencing Version 2.0 and an ABI Prism 3700 DNA analyzer. DNA sequence files were imported into SEQUENCHER (Gene Codes, Ann Arbor, MI) and aligned with the amplicon reference sequence. Heterozygous variants were identified in aligned sequences and scored in SEQUENCHER. Amplicons with fewer than four variant chromosomes were subjected to multiplexed DHPLC analysis followed by direct DNA sequencing as follows: amplicons from three individuals were pooled, heteroduplexed, and analyzed by using a HELIX DHPLC System (Varian) at two temperatures. Elution profiles were scored by visual inspection, and the three samples in a pool with variant peaks were sequenced. Homoduplex pools were inferred to be reference sequence. Approximately 60% of the amplicons (244 of 405) were subjected to direct DNA sequencing and Ϸ40% of the amplicons (161 of 405) were analyzed by the two-step procedure.
Error Analysis. To determine our false positive rate for identifying polymorphisms, we resequenced all 314 singleton SNPs. Ninety-five percent (297 of 314) of the singletons were verified on resequencing, indicating a 5% false positive rate (essentially identical to that of Stephens et al., ref. 4) . To evaluate our false negative rate for identifying polymorphisms, we resequenced 14 amplicons (4,923 bp) in all 247 DNA samples. We identified 11 new SNPs in 1.2 ϫ 10 6 bp of resequenced DNA, leading to a frequency of 9.0 ϫ 10
Ϫ6
SNPs missed per bp screened. All of the missed SNPs were very rare: eight were singletons, two were doubletons, and one was a tripleton. This false negative rate is approximately half of that reported by Cargill et Population Genetic Parameters. The neutral parameter (), nucleotide diversity (), and Tajima's D statistic were calculated as described by Tajima et al. (5) . Each parameter was calculated for various gene regions (e.g., coding, noncoding, and intron-exon boundaries) as well as for various sites within the coding region [e.g., synonymous and nonsynonymous sites, evolutionarily conserved and unconserved sites, and sites within predicted transmembrane domains (TMDs) and loops]. Synonymous and nonsynonymous sites were defined as described by Hartl and Clark (6) . The observed allele frequency distribution of noncoding, synonymous, and nonsynonymous SNPs was compared with the distribution expected under the neutral mutation model. According to the neutral mutation model, the expected number of SNPs (G n ) with a frequency of i͞n can be obtained from the following equation:
where is the neutral parameter, n is the number of chromosomes sequenced, and i͞n is the expected allele frequency. The expected and observed allele frequency distributions were compared by using a 2 test of binned data. Several different binnings were used. Our assessment of significance did not depend on binning.
Characterization of Amino Acid Residues. Evolutionarily conserved and unconserved amino acid residues were classified based on sequence alignments with mammalian orthologs by using the GCG program PILEUP. At least three mammalian protein sequences (the human sequence and at least two from rat, rabbit, and mouse) were used for the alignments. All orthologs were at least 65% identical to the human sequence (7) . For three transporters (e.g., FIC1, MRP1, and VMAT1), there were not enough mammalian orthologs to generate alignments. Therefore, these transporters were not included in the analysis of evolutionarily conserved and unconserved amino acids. An amino acid residue was classified as EC (evolutionarily conserved) if it was present in all species in the alignment. All other residues were classified as EU (evolutionarily unconserved). TMD and loop regions were assigned based on published topology data where available, otherwise on topology data from the SwissProt database (www.ebi.ac.uk͞swissprot).
Results
To identify polymorphisms in the set of 24 membrane transporter genes, we screened all exons as well as 35-100 bp of flanking intronic sequence in an ethnically diverse collection of genomic DNA samples by using denaturing HPLC analysis and direct sequencing. The collection of DNA used for screening included samples from 247 unrelated individuals: 100 European Americans, 100 African Americans, 30 Asians, 10 Mexicans, and 7 Pacific Islanders.
New SNPs Identified. We identified 680 biallelic SNPs in almost 96 kb of genomic sequence (Table 1 ). In addition to the 680 biallelic SNPs, two tri-allelic sites were identified. To determine which of the SNPs had been previously identified, we examined dbSNP entries Fig. 1 . Twenty-four membrane transporters with potential roles in drug response. Transporters are grouped based on transporter family (e.g., OCT1, OCT2, and OCT3 belong to the SLC6 family; CNT1 and CNT2 belong to the SLC28 family). Transporters depicted by blue ovals belong to the SLC superfamily; red rectangles, ABC superfamily; green hexagon, P-type ATPase. Typical substrates for each family of transporters are listed. The direction of transport is indicated by an arrow pointing into the cell (influx) or out of the cell (efflux).
for 17 of the 24 transporter genes (www.ncbi.nlm.nih.gov͞SNP͞ index.html). Of 477 SNPs that we found, 91 had been found previously. Seventy of the SNPs reported in dbSNP were not identified in our sample set.
Population Specificity of SNPs. Of the 680 SNPs, 421 were population-specific, of which 248 were singletons (occurring on only one of 494 chromosomes). Of the 259 SNPs that were not populationspecific, 83 were present in all five populations, and 176 were present in two, three, or four populations. In general, few population-specific alleles were found at high frequency. Only 4 of 278 African American-specific alleles and 1 of 50 Asian-specific alleles had frequencies Ͼ 0.1. Strikingly, the European American population sample had no population-specific alleles (0 of 80) at frequencies Ն0.05 in contrast to the African American population sample, which had 31 of 278 at frequencies Ն0.05. The relatively high incidence of moderately frequent population-specific alleles in African Americans may facilitate identification of ethnic-specific disease loci in this population. One hundred thirty-three (48%) of the African American-specific SNPs and 71 (89%) of the European American-specific SNPs were singletons. These singletons reflect a mixture of new mutations that have not been subjected to selection and old mutations that have been. The ratio of African American to European American singletons provides a measure of the distribution of new mutations (similar in both populations) and old mutations, some of which are shared by both populations and others which are present only in African Americans. We observed a ratio of Ϸ2:1, in contrast to Stephens et al. (4) , who reported a ratio of 3:1 Because we identified rarer singletons than Stephens et al., our ratio should lead to a better estimation of new mutations. Table 4 ). The ratio of intronic indels to total SNPs (21 of 680) was lower than that reported for lipoprotein lipase (0.03 versus 0.11, respectively) (8, 9) . The low frequency of coding indels presumably reflects their severe consequences on protein function. Of the eight coding indels that we identified, five added or deleted amino acids but otherwise conserved the reading frame. Two of these, one of which adds an amino acid and one of which deletes an amino acid, occurred at high allele frequencies (0.29 for CNT1 4-4 and 0.105 for OCT1 . Both of these variants exhibit transport function but may have differences in specificity (unpublished observations). Because frameshift mutations comprise a substantial fraction of disease-causing mutations (Human Gene Mutation Database, Cardiff, Wales; http:͞͞archive.uwcm.ac.uk͞uwcm͞mg͞ hgmd0.html), it is notable that one of the three frameshift indels occurred at a frequency of 3.1% in African Americans. For 15 of the 29 indels, a plausible basis for their origin (e.g., occurrence at short repeated sequences; as has been observed in microorganisms) can be proposed (see Table 4 
) (11).
Population-Genetic Analysis of Nucleotide Diversity. To further quantify the amount of variation in our set of genes, we calculated two measures of nucleotide diversity, the average heterozygosity () and the population mutation parameter () (6) . In addition, Tajima's D was calculated to detect deviations from the neutral mutation model (5) . These parameters were calculated for the entire sequenced region as well as for each SNP type (i.e., coding versus noncoding and synonymous versus nonsynonymous) and for the total population and each ethnic group (Tables 1 and 5 Table 7 ). Our average values (Table 1) were somewhat higher than those reported by Halushka et al. (3) and substantially higher than those of Cargill et al. (1) and Stephens et al. (4) , presumably because our sample contained a greater number and higher proportion of African Americans, which have higher levels of nucleotide diversity. Some genes (ENT1, FIC1, and SERT) exhibited particularly low S values (Ͻ1) (see Table 6 ), suggesting that these genes may have intrinsically reduced mutability or that they have been subjected to some mechanism that eliminated variation, e.g., a recent selective sweep (6, 12) .
The ratio of for nonsynonymous sites ( NS ) to for synonymous sites ( S ) provides a measure of selection for function of a given gene (13) . The NS ͞ S ratios for each of the 24 transporter genes in our study along with the ratios previously determined for VMAT2, SERT, and TLR4 (12, 14) are provided Table 7 . Twentytwo of 24 genes had ratios Ͻ1, suggesting that they are under selection. Values of were greater than , resulting in negative Tajima's D values for 23 of 24 genes, which is consistent with population expansion or negative (purifying) selection. The average nucleotide diversity of the two major superfamilies, ABC transporters and SLC transporters, was similar ( Table 7) . Four of the five ABC transporters exhibited intermediate NS ͞ S values, indicating similar levels of selection, whereas one (MRP1) had a low ratio. Nucleotide diversity and the NS ͞ S ratio of SLC superfamily members exhibited wide variation, consistent with the functional diversity of transporters in this superfamily (12) . In our set of membrane transporters, the average nucleotide diversity over all regions ( total ) was greater than the amino acid diversity ( NS ) (5.1 ϫ 10 Ϫ4 versus 2.2 ϫ 10 Ϫ4 ), consistent with Cargill et al., and indicating that these genes are under negative selection. The mean ratio of NS ͞ S in our study (0.23) was considerably lower than that of Cargill et al. (0.64), who analyzed 106 genes from diverse classes (1) . The lower ratio that we observed suggests that membrane transporter genes may be under more negative selection than the diverse set of genes analyzed by Cargill et al.
Amino Acid Diversity Across Structural Regions and Transporter
Superfamilies. Loops and TMDs. Because membrane transporters have two distinct types of secondary structure, TMDs and loops (Fig. 2) , we compared nucleotide diversity of these structural regions. Amino acid diversity ( NS ) in the TMDs was significantly lower than amino acid diversity in the loops ( TMD-NS ϭ 1.16 versus loop-NS ϭ 2.68; P Ͻ 0.05 by a one-sample test for a binomial proportion) ( Table 2) . These results are consistent with the observation that TMDs are more evolutionarily conserved than loops (i.e., the proportions of EC residues in TMDs and loops are 83% and 74%, respectively) suggesting that there are constraints on TMDs of transporters. The parallel between phylogenetic variation and amino acid diversity suggests that constraints on structural regions of proteins (e.g., TMDs) occurs across long and short evolutionary distances for this set of proteins. The restricted variation in TMDs relative to loops has been noted previously in phylogenetic comparisons of 93 integral membrane proteins with multiple TMDs (15) . ABC and SLC superfamilies. The ABC and the SLC superfamilies of transporters have evolved to transport structurally diverse biological molecules, including essential nutrients, metabolic waste products, and xenobiotics. The TMDs of both superfamilies contain residues and structural domains responsible for substrate specificity, whereas the loops of the ABC transporters contain ATPbinding domains. We observed that amino acid diversity in the TMDs of ABC transporter family members was extraordinarily low,
Ϫ4
; Table 2 ; representative transporters are shown in Fig. 2) . Surprisingly, the extent of amino acid diversity did not parallel evolutionary conservation: the fraction of residues that are evolutionarily unconserved in the TMDs of the ABC superfamily was significantly higher than the fraction of EU residues in the TMDs of the SLC superfamily (35% versus 13%). These observations imply that a protein segment, in this case the TMDs of ABC transporters, is more constrained within humans than across species. In contrast to the TMDs, there were no differences in amino acid diversity and in the fraction of EC residues between the loop regions of these superfamilies ( NS-loop 2.1 ϫ 10
and 70% for ABC transporters and 3.6 ϫ 10 Ϫ4 and 74% for SLC transporters; Table 2 ). EC and EU residues. We classified amino acid changes as EC and EU based on sequence alignments with two mammalian orthologs (e.g., rat, mouse, and͞or rabbit) (see Materials and Methods). Of the 155 nonsynonymous SNPs, we were able to assign 118 as affecting EC or EU amino acid residues. NS-EC was significantly lower than NS-EU (0.90 ϫ 10 Ϫ4 versus 6.77 ϫ 10
, P Ͻ 0.05 by a one-sample test for a binomial proportion) over the entire protein (see Table 5 ). Similarly, NS-EC was significantly lower than NS-EU within the TMDs and the loops (Table 2) for SLC family members. Strikingly, this relationship did not hold for the TMDs of ABC family members, in which NS-EC and NS-EU were not significantly different (0.22 ϫ 10 Ϫ4 and 0.13 ϫ 10
, respectively). The extraordinarily low amino acid diversity observed in the TMDs of ABC transporters, which extends to EU residues, may reflect special functional demands on the TMDs of this superfamily. The low amino acid diversity observed for both EU and EC residues in the TMDs of ABC transporters demonstrates that variation within humans does not always parallel phylogenetic variation.
Predictors of Frequency Distributions of Nonsynonymous SNP Alleles.
We identified 155 nonsynonymous SNPs, which occurred at various frequencies, and would ultimately like to know their effect on function. We first calculated the ratio of nonsynonymous to synonymous changes normalized to base pairs (NS*͞S*) as a function of allele frequency. This ratio has been used previously to estimate the fraction of deleterious alleles, on the assumption that deleterious alleles are selected against and are under-represented at high frequencies (13) . We observed that NS*͞S* was slightly greater at low than at high allele frequencies (0.32 for alleles with frequencies Յ0.002 compared with 0.22 for alleles with frequencies Ն0.2), suggesting that rare nonsynonymous variants affect fitness more than common nonsynonymous variants (as observed in ref. 13 ). Striking differences were observed in the ratio of nonsynonymous changes at EC to EU sites normalized to base pairs (EC*͞EU*) at different allele frequencies: the EC*͞EU* ratio was 0.88 for alleles with frequencies Յ0.002 compared with 0.15 for alleles with frequencies Ն0.2.
To identify alleles that are deleterious, we fractionated nonsynonymous SNPs according to chemical similarities and evolutionary relatedness. We then compared frequency distributions of the fractionated alleles looking for differences in the frequency distributions. Our underlying assumption was that alleles that are functionally deleterious (from mildly to severely deleterious) will be selected against and thus underrepresented at high frequencies and over-represented at low frequencies. The frequency distribution of EC alleles differed significantly from that of EU alleles (Fig. 3 , Table 3 ) ( 2 ϭ 11.35, P ϭ 0.025). For example, 52% of the amino acid changes at EC sites occurred at the lowest allele frequencies (Յ0.002) in contrast to only 25% of the amino acid changes at EU sites (Fig. 3, Table 3 ). The skew toward low frequencies for the EC alleles in comparison to the EU alleles can be explained by proposing that changes at EC sites affect fitness and thus protein function. The highest percentage of amino acid changes at EC sites was likewise found at the lowest allele frequencies (Յ0.002) for both Conserved and unconserved regions are defined based on protein sequence alignments with at least two other mammalian orthologs and therefore refer to evolutionary conservation. S, synonymous; ns, nonsynonymous.
African American and European American population samples (data not shown). The African American sample had a greater fraction of amino acid changes at EC sites at intermediate frequencies than did the European American sample. The allele frequency distributions of variants at EU sites showed less skewing to lower frequencies than the EC distributions and somewhat different distributions for European and African Americans (data not shown).
We next used the same criteria as Cargill et al. to characterize the nonsynonymous changes using BLOSUM62, scoring variant substitutions as Ͻ0 (evolutionarily less acceptable) or Ն0 (evolutionarily more acceptable) (Tables 3 and 8 ) (1, 16) . No difference was observed in the frequency distribution of alleles with BLOSUM62 scores Ͻ0 and Ն0 ( 2 ϭ 0.53, P ϭ 0.97; Table 3 ). In fact, these distributions were very similar to the frequency distribution of unfractionated nonsynonymous SNPs, indicating that BLOSUM62 did not distinguish between deleterious and tolerated nonsynonymous SNPs in this set of genes.
Ng and Henikoff (17) have described an algorithm for predicting functional consequences of amino acid substitutions, SIFT, which assigns scores in part on alignment of orthologous sequences. SIFT scores range from 0 to 1: scores near 0 reflect evolutionary conservation and intolerance to substitution, whereas scores near 1 reflect tolerance to substitution. We have assigned SIFT scores to our nonsynonymous SNPs and fractionated them in two ways: zero versus nonzero and Յ0.1 versus Ͼ0.1 (Tables 3 and 8 ). Scoring nonsynonymous SNPs as zero versus nonzero produced allele frequency distributions identical to EC and EU, respectively ( 2 ϭ 11.35, P ϭ 0.025). Scoring nonsynonymous SNPs as Յ0.1 or Ͼ0.1 resulted in different allele-frequency distributions for alleles in the two categories ( 2 ϭ 13.15, P ϭ 0.013).
A similar analysis of all 155 nonsynonymous SNPs was carried out by using Grantham values, which provide a measure of chemical similarity (18) . We assigned Grantham scores to our nonsynonymous SNPs and fractionated the scores as less radical (Ͻ100) or more radical (Ն100) ( Table 3) , which correspond to the categories used by Li et al. (19) . No significant differences in the frequency distributions of the alleles with less radical and more radical amino acid changes were observed ( 2 ϭ 5.05, P ϭ 0.282). Similar observations were made when we fractionated the alleles according to Grantham values of Ͻ50 and Ն50 (data not shown).
Frequency Distributions and Evolutionary Constraints of Minor Alleles.
Because we screened 494 chromosomes, binomial sampling theory suggests that we have an Ϸ99% chance of identifying SNPs that occur at a frequency of 1% in our total sample and an Ϸ86% chance of identifying SNPs that occur at a frequency of 1% in our two largest ethnic samples (European Americans and African Americans, 200 chromosomes of each). We tabulated the observed minor allele frequency distributions of noncoding, synonymous, and nonsynonymous SNPs (see Table 9 ). Similar to previous reports, we observed a higher percentage of SNPs in the lowest allele frequency class and a lower percentage in the higher allele frequency classes (1, 3) . We tested the heterogeneity of the frequency distributions of synonymous versus nonsynonymous SNPs as well as coding versus noncoding and found them to be homogeneous ( 2 ϭ 7.24, P ϭ 0.40, for nonsynonymous versus synonymous and 2 ϭ 6.85, P ϭ 0.44 for coding versus noncoding). We compared the observed minor allele frequency distributions with that predicted under the infinite-sites, neutral model, which is based on the assumptions that all sites are mutable, alleles are lost through genetic drift but not by selection, and population size is fixed (see Table 9 ). Relative to this model, we observed a higher percentage of low-frequency alleles for the noncoding and synonymous sites, which are not expected to be under selection, and a reduced percentage of high-frequency alleles. These observations are similar to those of Glatt et al. (12) and can be explained by population expansion.
The overall trends in the allele frequency distributions of the African American and European American samples were similar to those seen in the total sample (see Table 9 ). The allele frequency distribution of coding-region SNPs in the European American sample was significantly different from that in the African American sample ( 2 ϭ 16.21, P ϭ 0.0127). This difference was notable for intermediate and high frequency alleles and reflects population demography, for example, a population bottleneck. Admixture of the African American population confounds the allele frequency distributions.
Discussion
Phylogenetic Variation and Amino Acid Diversity in Humans. Based on screening for genetic variation, we have observed that, in general, amino acid diversity in humans paralleled phylogenetic variation. That is, the diversity of EC residues ( NS-EC ) was significantly lower than the diversity of EU residues ( NS-EU ) for the total protein as well as for protein segments (Table 2) . We found a striking exception in the TMDs of ABC transporters, in which NS-EU was Fig. 3 . Nature of nonsynonymous SNPs as a function of allele frequency. Allele frequency distribution of nonsynonymous SNPs at EC and EU amino acid residues. Percentage of nonsynonymous SNPs at EC (black) and EU (striped) amino acid residues are shown for different allele frequency ranges. Amino acid residues were classified as EC or EU based on alignments of each human protein with two mammalian orthologs (rat, mouse, or rabbit). as low as NS-EC (Table 2) : variation at EU sites in the TMDs of ABC transporters did not exhibit the variation observed, for example, at EU sites in the TMDs of SLC family members. How can we explain the existence of sites that vary phylogenetically but not within humans, i.e., the EU sites in the TMDs of ABC transporters? One rationale is as follows. The TMDs contain the amino acids and structural domains involved in substrate specificity and translocation. Transporters in the ABC superfamily have broad specificities, and many have a primary role in protecting the organism from environmental toxins and xenobiotics through efflux. Humans differ from organisms such as mice and rabbits in the set of xenobiotics to which they are exposed through diet, inhalation, and metabolic processing. Thus, human ABC transporters are expected to have different substrate specificities from those of mice and rabbits. Such differences have been observed and reflect phylogenetic variation (20, 21) . A given ABC transporter, for example, of humans may have evolved to recognize a distinct set of substrates important to humans. We suggest that EU residues within the TMDs of ABC transporters play important roles in defining the species-specific recognition of these xenobiotics and their metabolites. We therefore expect that mice would also exhibit restricted variation in the TMD domains of their ABC transporters, as we observed for humans. (Table 3) , though a relationship between activity of nonsynonymous variants of OCT1 and BLOSUM62 scores has been observed (7) . One potential limitation of BLOSUM62 is that it is based on soluble, globular proteins. An amino acid substitution scoring matrix based on TMD (e.g., SLIM) might better predict function of variants with alterations in TMDs than does BLOSUM62 (23) . We were unfortunately not able to evaluate SLIM because of the paucity of high-frequency nonsynonymous variants affecting TMDs. A second potential limitation of BLOSUM62 (as noted by Ng and Henikoff, ref. 17) is that it uses protein domains rather than sequences homologous to the proteins under study.
We observed that SNPs at evolutionarily conserved sites, defined by alignments of mammalian orthologs (EC͞EU) or by multiple alignments of orthologs (SIFT), were significantly underrepresented at high allele frequencies and overrepresented at low allele frequencies than were SNPs at unconserved sites (Table 3 and Fig. 3 ). These observations indicate that stringent definition of EC or EU residues by alignment of mammalian orthologs is a strong predictor of fitness and hence protein function. Alignments of additional mammalian orthologs, which will become available as a result of ongoing genome sequencing projects, should enhance this scoring system but will require weighting systems like that used in SIFT to take into consideration the frequency and diversity of the amino acids found at evolutionarily unconserved positions. In past studies, SIFT was tested by its ability to predict function of experimentally derived variants for a set of three genes (17) . Our studies demonstrate that SIFT can be used to evaluate natural variation in humans and suggest that the frequency distribution of variant alleles can be used to refine SIFT and similar algorithms. We suggest that the ability of such algorithms to predict protein function might be improved by taking into consideration the chemical nature of the amino acid changes (7). For example, changes at an evolutionarily conserved position from leucine to isoleucine would be expected to have less effect on function than changes from leucine to aspartate. We note that two of the three most common EC variants (Ͼ0.2) had low Grantham scores. The use of evolutionary conservation of protein orthologs to predict function of transporter variants is validated by functional studies of OCT1 variants described in the companion paper (7). Miller and Kumar have similarly observed that disease-causing mutations are more prevalent at evolutionarily conserved sites relative to other sites (22) .
A substantial number of Mendelian disorders, including glucosegalactose malabsorption syndrome, Menke's syndrome, and Tangier's disease, are associated with nonfunctional genetic variants of membrane transport proteins (24) (25) (26) . Further studies are necessary to determine whether the variants that we have identified contribute to diseases or to alterations in drug response. similarly deletions are denoted by a "-" followed by the deleted amino acid(s). Glatt et al. (2001) . ‡ π value for TLR4 is based on synonymous and intronic SNPs (see Smirnova et al., 2001 ). 
